Introduction
============

Field-effect transistor (FET) biosensors are typically fabricated using silicon or metal oxides. Since the inception of silicon technology it became the primary choice of semiconductor material in biosensing because of its mature development in the computer industry \[[@B1]\]. Since 1971, silicon-based FETs have been deployed in chemosensory applications such as pH-sensing in electrolyte solutions \[[@B2]\]. A typical semiconductor possesses a net surface charge when in contact with an electrolyte solution due to protonation and de-protonation of surface functional groups at the solid/liquid interface, which has a direct effect on the effective gate voltage and hence on the charge-carrier flow through the channel. An FET device can therefore translate (bio-)chemical binding events or ionic concentration changes on its surface into a measureable electronic signal related to the surface properties of the gate input \[[@B3]\]. The underlying principle of the transduction mechanism in ISEFTs is shown in [Figure 1.](#F1){ref-type="fig"}

![Schematic representation of the operation principle of MOSFETs and ISFETs\
(**A**) The three-electrode configuration in a MOSFET with a dielectric insulator material sandwiched between the channel and gate electrodes. (**B**) In transistors made from metal oxides or in graphene-based FETs the EDL can replace the high dielectric insulator material of the standard ISFET configuration. (**C**) Microscopic representation of the formation of the EDL and electrical double layer capacitance on a solid--liquid interface of an ISFET. IHP, inner Helmholtz plane; OHP, outer Helmholtz plane.](bse0600081fig1){#F1}

When applying a bias voltage, charge-carriers flow from the source to the drain electrode forming the drain-source current. The flow of charge-carriers in the FET channel is controlled by applying an electrical field from a third electrode called a gate. Applying a positive or negative voltage at the gate can increase or decrease the number of charge-carriers in the channel, thereby switching the FET on or off. This is realized by the gate-source voltage, which generates an electrical field in the transistor channel and hence influences the channel\'s conductance. The mechanism of exerting an electrical field in the conductive channel varies in different FET types. The gating efficiency is related to the intrinsic properties of the material used in the architecture determining the device\'s properties such as conductivity, on/off ratio or cut-off frequency. In metal-oxide semiconductor field-effect transistors (MOSFETs) a material with a high dielectric constant (*k*) is sandwiched between the channel and the gate electrode and serves as aplanar capacitor. This configuration, consisting of an insulated gate transistor and controlling the channel by purely capacitive coupling, is the standard design used in today\'s integrated circuits of the computer industry.

Depending on the method of applying the gate voltage and on the design and material of the gate and channel region, insulated gate FETs can be categorized into different types such as junction field-effect transistors (JFET), ion-sensitive field-effect transistors (ISFETs), metal-semiconductor field-effect transistors (MESFETs), etc. Although the basic principle of controlling the channel conductance is similar in all FETs, the mechanism of the gate coupling can differ significantly. For sake of brevity, in this review we will focus our discussion only on ISFETs \[[@B2]\].

In ISFETs, the insulator-gate mechanism responsible for the operation of MOSFETs is replaced by an electrochemical gating effect \[[@B2]\]. There are two main differences in this insulator-gate mechanism. In the classical form of ISFETs, a dielectric insulator is present (e.g. SiO~2~ or other oxide dielectrics). In this case, the capacitive coupling is dominated by the gate dielectrics itself and the capacitance of the electrical double layer (EDL) can be neglected. If the gate insulator is omitted, as is the case for many carbon and metal-oxide FETs, the insulation of the gate is defined by the creation and composition of the EDL, which arises from the redistribution of the ions in the solution in the vicinity of the surface and exerts a capacitance on the channel called an electrical double layer capacitance (EDLC). There are also intermediate forms possible \[[@B4]\], where only a thin and non-perfect insulator is left (such as natural silicon oxide), which is then characterized by high gate leakage currents. In general, the EDLC can be controlled by applying a potential in the liquid ([Figure 1](#F1){ref-type="fig"}C) \[[@B5],[@B6]\]. In electrochemically gated ISFETs, the EDLC can be calculated by using the capacitance model as for MOSFETs. The thickness and other electrostatic properties of the EDL are influenced by the ionic composition of the solution and by the voltage applied to the structure.

The polarity of the EDL can be changed by switching the bias voltage in the solution and therefore varying the number of charge-carriers in the channel bringing the ISFET into the ON or OFF state ([Figures 2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B). Generally, an electrochemical reference electrode (most of the time a liquid-gated Ag/AgCl electrode) is used to apply and precisely control this bias voltage in solutions. The functionalization of charged biomolecules (receptors) on the surface and selective binding of analyte molecules will lead to alterations of the surface charge and therefore a net change of the effective gate voltage is needed to switch the ISFET into the ON or OFF state ([Figures 2](#F2){ref-type="fig"}C and [2](#F2){ref-type="fig"}D). For further details on the operation of ISFETs, readers are encouraged to consult the book by Besselink and Bergveld on ISFET-based affinity biosensors \[[@B2]\].

![Principle of the operation of an ISFET- and FET-based transducer\
(**A** and **B**) Applying positive and negative bias at the Ag/AgCl reference electrode change the polarity of the electrical double layer. (**C** and **D**) Change in the net charge-carrier density on an ISFET surface modified with a receptor biomolecule before and after binding with an analyte molecule. The change in the net surface charge shifts the field-effect curve as shown in the graph in the centre.](bse0600081fig2){#F2}

Biologically sensitive field-effect transistors (BioFETs)
=========================================================

BioFETs are ISFETs which are sensitive towards a selection of biomolecules or chemical analytes due to the introduction of a bio-recognition layer at their surface. This layer is chemically or electrostatically bound to the transducer surface. The choice of this bio-recognition layer is critical to the biosensor performance and should provide specific interaction with target molecules, minimize non-specific binding and, in some cases, facilitate a charge transfer. The nature of the recognition layers varies depending on the application ([Figure 3](#F3){ref-type="fig"}).

![Schematic representation of a biologically sensitive ISFET and different types of analytes with variable sizes in relation to the thickness of the EDL (analyte size is not to scale)\
Only DNA molecules present charges inside the EDL, whereas only fractions of the much larger antibody and enzyme molecules directly affect the EDL (only in the case of diluted buffer concentrations). In the case of cells, the cellular membrane is clearly outside this range, since typical average distances between the cellular membrane and the surface are in the range 50--100 nm.](bse0600081fig3){#F3}

The inherent surface charge-sensitivity of ISFETs can also be exploited for the direct label-free detection of charged molecules such as DNA, RNA and peptides. The detection works by the 'lock and key' model for receptor--analyte interactions. These specific molecular interactions on the transducer surfaces affect the charge-transport characteristics of the FET. In BioFETs for DNA detection, single-stranded capture DNAs are immobilized using electrostatic or covalent functionalization methods ([Figure 4](#F4){ref-type="fig"}) \[[@B7],[@B8]\]. The determination of methods to assemble a highly defined and uniform supramolecular architecture of the probe biomolecules has always been of considerable interest. Covalent functionalization methods for probes using silanes and other methods such as ED--NHS coupling allow robust anchoring, efficient charge transfer and help retain the bioactivity of the receptor molecules \[[@B9],[@B10]\].

![Different strategies for the immobilization of probe DNA\
On the left, the DNA molecules are attached to the aminosilane layer by electrostatic immobilization. This usually leads to high FET signal amplitudes for the immobilization process because the oligonucleotides are very closely attached to the gate oxide. The hybridization efficiency, however, is not very high in these experiments. On the right, the probe single-stranded DNA (ssDNA) is covalently attached utilizing a cross-linker in combination with end-functionalized ssDNA. Generally, the double-stranded molecules are stiffer and longer compared with the unoccupied ssDNA molecules. For alternative silane layers other cross-linkers and covalent linking strategies are used.](bse0600081fig4){#F4}

For the electrical detection of biomolecules in solutions using ISFETs, different read-out strategies have been proposed. For small and charged biomolecules in low ionic strength solutions, a simple potentiometric read-out usually serves the purpose. The detection of biomolecules such as proteins, however, was reported to be very difficult and most of the time unreliable. In this context, the direct current (DC) as well as the alternating current (AC) read-out of the FETs has been elaborated and the influence of a biomembrane attached to the transistor gate structure has been described \[[@B11]\]. For the detection of slightly bigger molecules extending beyond the EDL in physiological solutions, a more sophisticated impedimetric read-out (AC measurement) was introduced, where the transfer function for BioFETs provides more accurate information \[[@B12]--[@B14]\]. In very recent work, a theoretical foundation has also been provided and AC recordings at very high frequency (\>10 MHz) with a capacitive coupling approach has shown superior performance compared with DC recording or AC recording at lower frequency levels (about 10 kHz) \[[@B13]\].

Cell-based BioFETs
==================

The ability of BioFETs to address living cells and read biological information has been one of the major applications that have the potential to gain insight into many different areas such as drug screening, interactions of biochemical compounds with living systems, their effect and classification. BioFETs are also deployed for studying neuronal networks and other cellular pathways. Coupling different kinds of cells on to electronic sensor platforms has led to a number of cell-based biosensor concepts \[[@B15]\]. Among other applications, BioFETs have been on the forefront for recording extracellular signals from electrogenic cells *in vitro*.

The first FETs for the recording of electrical cell signals were developed by the group of Bergveld \[[@B16]\]. Later, several groups developed FETs for the recording of neurons and cardiac cells \[[@B17],[@B18]\]. Most of these sensor chips were operated as potentiometric ISFETs at higher sampling rates (\>3 kHz) to read the full spectral information of cellular action potentials \[[@B19]--[@B21]\]. The most sophisticated platforms, with ultrahigh integration density and high sampling rates per channel, were realized over the last decade in industrial complementary metal-oxide-semiconductor (CMOS) processes and were offered commercially for interfacing with neuronal cultures \[[@B22]--[@B24]\].

Ingebrandt et al. \[[@B12]\] used a differential AC read-out method for FET microarrays to detect DNA, which was based on the biomembrane formed on top of the gate oxide of an ISFET. This technique was described earlier, but was applied to test the reliability of the device\'s encapsulation material \[[@B25]\] or to detect the binding of biomolecules and/or changes in the properties of biological membranes attached to the gate structure of the FETs \[[@B26]\]. The same method has been extended and optimized to record the adhesion status of cellular membranes or individual cells attached at the gate of ISFETs \[[@B27],[@B28]\]. An example of such a BioFET used for single cell--substrate adhesion tests is shown in [Figure 5](#F5){ref-type="fig"}. Using these ISFETs, a novel technique for the impedimetric sensing of cellular adhesion was introduced, which might have the potential to supplement the well-known electrical cell--substrate impedance sensing (ECIS) in cell culture assays \[[@B29]--[@B31]\]. In other examples, three histologically different cell lines were cultivated in fluidic chambers on top of the FET devices and subjected to a microscopic analysis of gate coverage and cell adhesion using a transistor-transfer function (TTF) technique comparable with the ECIS methods. The frequency spectra depend on the morphologies of the cells and cell-related parameters \[[@B29]\]. Such cell-based assays could be performed using the new BioFETs designs incorporated into a pharmacological platform for studying the effects of chemical and therapeutic compounds on a variety of cells from different histological backgrounds \[[@B30]\]. Similarly, BioFETs were used to determine the interactions between cytotoxic T-lymphocytes and their target cells while circumventing the conventional immunofluorescence imaging methods, which are tedious and time-consuming \[[@B32]\]. High-density FET-arrays could potentially be further deployed to study intercellular interactions such as neuronal networks \[[@B33]\].

![Monitoring of the influence of cell-related parameters at a single-cell level using impedance spectra measured with silicon-based BioFETs\
(**A**) A human embryonic kidney (HEK)-293 cell sitting on top of the BioFETs. (**B** and **C**) The cell-culture chamber on top of the silicon chip and the miniaturized measurement platform. (**D**--**F**) The transfer function spectra after cells were treated with trypsin while following the cell-detachment process over time \[[@B29]\].](bse0600081fig5){#F5}

Nanoscale BioFETs
=================

With the introduction of nanomaterials and scalable nanostructuring methods, nanoscale ISFETs have taken centre stage in the development of novel biosensor platforms. Miniaturization, high sensitivity and unique material properties at the nanoscale have the potential to yield highly integrated versatile sensor platforms with multiplex and multiple read-out possibilities, crucial for the development of next-generation point-of-care (PoC) systems. In this quest, the last few decades have marked the discovery of nanomaterials used for the realization of high-performance nanoscale BioFETs. The rediscovery of carbon nanotubes (CNTs) in 1991 by Sumo Injima \[[@B34]\] as one-dimensional structures with unique electrical characteristics and a high surface-to-volume ratio perhaps brought the most important turnaround for the realization of high-sensitivity nanoelectronic devices \[[@B35]\]. CNTs were subsequently deployed for biomolecular sensing. After the discovery and implementation of CNTs into biosensor platforms, researchers began to use silicon nanowires (SiNWs) grown by chemical vapor deposition (CVD) and apply them in bottom-up approaches as transducer elements in modern, nanoscale biosensors. A large number of articles were published in this field and interested readers should consult published studies performed in the laboratory of C. Lieber \[[@B36],[@B37]\]. Parallel to this, researchers applied standard silicon technology to realize top-down processed SiNW platforms \[[@B38]--[@B41]\]. Techniques such as e-beam lithography and etching processes for prototyping new device architectures with controllable electronic properties of SiNWs (unlike CNTs) emerged as a reliable platform for biomedical signalling purposes \[[@B42]\]. The use of SiNW- and CNT-based BioFETs for the label-free detection of biomolecules was catapulted into a myriad of applications such as detection of glucose, enzymes, proteins and hormones, and many of these research groups picked up ideas that had been elaborated upon in the 1980s and early 1990s with microsized ISFETs.

In the race towards the realization of high-performance BioFETs, DNA biomarkers have always been at the forefront \[[@B7],[@B37],[@B40]\]. Ingebrandt et al. \[[@B42]\] presented a novel approach for a large-scale SiNW array fabrication where nanoimprint lithography was combined with standard CMOS processing on 10 cm silicon-on-insulator (SOI) wafers. Such SiNW FETs with superior sensor characteristics implemented in a differential read-out demonstrated the reliable detection of biomolecules ([Figure 6](#F6){ref-type="fig"}) \[[@B42]\].

![Detection of immobilized DNA on SiNW FETs\
(**A**--**C**) A high-density SiNW FET chip with a detailed structural view taken by scanning electron microscopy. (**D**) Transfer characteristics before (left curve) and after DNA immobilization (middle curve), and after hybridization (right curve). DNA was site-selectively immobilized on some channels of the array using a micro-spotter. Depending on the grafting density of the molecules and on the hybridization efficiency typical shifts of 10--200 mV are recorded with the silicon nanowire devices. This is much larger than typical signals recorded with ISFETs \[[@B42]\].](bse0600081fig6){#F6}

There is a currently a strong drive in this field, but most groups are using DC read-outs for the assays. As discussed above, this transducer principle is usually reliable in DNA assays with detection in diluted buffer solutions so that the charged-based sensing can be exploited. For the detection of larger molecules, however, the detection schemes generally become unstable and more difficult to control.

Future trends and novel transducer principles for BioFETs
=========================================================

In this section, new device architectures and new transducer principles to deal with the above-mentioned fundamental limitations of the sensor platforms are discussed. For example, one of the major disadvantages of traditional charge-based molecular detection approaches that work at low frequencies is that they are only sensitive to the biomolecules that are a short distance (∼1 nm) away. This is related to the Debye screening of electronic charges caused by counter-ions in the buffer solutions. In contrast with this, new platforms such as CMOS nanocapacitors as shown in [Figure 7](#F7){ref-type="fig"}(A) can operate at much higher frequencies (up to 50 MHz) and reach further into the solution \[[@B13]\]. Similarly, such screening and Debye length issues can also be tackled by changing the surface architecture of the sensor devices such as nanowire-nanoparticle hybrids forming so-called ion-sensitive metal-semiconductor field-effect transistors (ISMESFETs) with enhanced performance as demonstrated earlier ([Figure 7](#F7){ref-type="fig"}B) \[[@B43]\].

![CMOS nanocapacitors (**A**) and ISMESFETs (**B**) are new concepts in measurement methods and device architectures](bse0600081fig7){#F7}

The massive parallel sequence analysis of biomolecules such as nucleic acids and their use in genetics, medicine and drug discovery has led to a broad interest in PoC diagnostics. In this regard, miniaturized amplifier systems are required that are able to integrate nanoscale devices and provide low-noise and stable electrical signals from the sensor. In our recent projects, we fabricated and applied such a PoC system demonstrator for different biomedical applications. Two independent frequency-selective amplifiers were included for simultaneous DC and AC read-outs, which enable a total of 16 parallel channels providing an alternative operation of one 16-channel or two eight-channel SiNW chips. The transfer function scan is carried out by feeding a sinusoidal test signal with 10 mV amplitude and varying the frequency to the reference electrode from 1 Hz to 100 kHz. Test signals of exact amplitude, frequency and phase are provided by a direct-digital-synthesis device. A frequency-selective amplification is confirmed via a frequency multiplier device, which is built in to a capacitive decoupled amplification cascade.

The resulting recordings in AC mode were explained using a behavioural Personal Simulation Program with Integrated Circuit Emphasis (PSPICE) model for SiNW FET biosensors suitable to simulate frequency domain measurements. The operational model was divided into two parts: first an electrochemical part representing the liquid/solid interface at the gate input, and secondly a FET part, which simulates the SiNW characteristics. The model provides better understanding of frequency domain measurements with SiNW sensors, offers the possibility to optimize the SiNW design, and forms a basis to include and explain sensing events in future biomedical assays with our platform \[[@B44]\]. Very recently, a handheld PoC demonstrator which was able to measure four channels simultaneously was built and included a 32-bit PIC microcontroller. User-friendly software written in LabVIEW communicates with the hardware to record and display the measurement results.

Such advanced read-out systems with DC and AC measurement capabilities in combination with different nanoscale devices might have the potential to bring nanowire FET sensors closer to PoC applications in the near future \[[@B45]\].

Summary
=======

-   Biologically sensitive field-effect transistors (BioFETs) have great potential in today\'s biomedical applications.

-   The combination between continuous development of nanofabrication technologies and the parallel evolution of read-out systems have great potential for revolutionary biosensor platforms in the near future, which will provide high-throughput tools for novel biomolecular assays faster than ever and push the limits of biosensor concepts.

-   The discovery of new nanomaterials such as graphene and other two-dimensional materials, as well as hybrid nanomaterial systems such as nanowire--nanoparticle hybrids may provide novel solutions to the current need for fast reliable cost-effective high-throughput PoC detection and push the limits of label-free biosensors in terms of sensitivity and dynamic ranges.

-   Standard biosensor platforms such as SiNW FETs are expected to add real value towards future biomedical applications and offer remarkable sensitivity to detect biomolecular binding events or metabolic reactions at the interface of living systems and electronics.
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